Abstract-As a key enabling technology for next generation wireless connectivity, light fidelity (LiFi) is envisioned to support seamless multi-user access. In this paper, we propose a novel time-domain based multiple access scheme referred to as index time division multiple access (I-TDMA). Our results indicate that I-TDMA provides significant spectral efficiency enhancement compared to ordinary TDMA in a two-users scenario, with minimal added hardware and computational complexity.
I. INTRODUCTION
Light fidelity (LiFi) has been shaping up to be a promising solution to a fully networked optical wireless connectivity. Utilizing visible light communication (VLC) for downlink transmissions, LiFi attocells use the untapped license-free visible part of the electromagnetic spectrum to form an additional network layer capable of supporting and complementing the conventional radio frequency (RF) networks. To this end, LiFi attocells are expected to provide multiple mobile users with high data-rate simultaneous network access [1] .
Different multiple access schemes have been proposed for LiFi systems, including time division multiple access (TDMA), carrier sense multiple access (CSMA), space division multiple access (SDMA), code division multiple access (CDMA), orthogonal frequency division multiple access (OFDMA) and non-orthogonal multiple access (NOMA) [2] . TDMA provides a straightforward method for multi-user access in LiFi systems, where the LiFi attocell allocates distinct time slots to different users, allowing interference-free transmissions with reduced achievable spectral efficiency [3] . In CSMA [4] , the LiFi attoccell continuously senses the channel prior to transmission in order to avoid possible collisions. Nevertheless, it was shown that CSMA-based systems are highly susceptible to the hidden terminal situation which results in significant degradation in the achievable system performance. Also, CSMA involves significant signalling overhead needed for request-to-send/clear-to-send (RTS/CTS) symbols.
SDMA-based LiFi attocells, are capable of simultaneously serving multiple users using the full spectrum and timeresources [5] . This is achieved by replacing the single-element transmitter with an angle diversity transmitter, which conveys separate beams to users existing in different locations. While SDMA provides considerable spectral efficiency gain compared to TDMA, it has the disadvantage of increased computational complexity due to the need for careful design of the angle diversity transmitter, as well as user-grouping algorithms. Moreover, SDMA fails to operate in scenarios where users are located at adjacent positions due to the high inter-channel interference (ICI).
CDMA-based systems, exploit optical orthogonal codes (OOC) to allow simultaneous network access for multiple users. The corresponding achievable spectral efficiency is, however, limited by the large size and poor correlation characteristics of the OOC sequences [6] . In the same context, OFDMA can provide spectrum-efficient multiple access by sharing the available spectrum resources based on orthogonal frequency division multiplexing (OFDM) [7] . It is wellknown that there are no fast fading characteristics in the VLC transmissions, which implies that high signal-to-noise (SNR) statistics exist at low-frequency subcarriers. As a result, appropriate user-scheduling techniques are needed in OFDMAbased LiFi systems to ensure fairness among users. Moreover, the attained spectral gain comes at the expense of complicated processing at the transmitter and receiver terminals to perform the IFFT/FFT operations and cyclic prefix addition as well as Hermitian symmetry and clipping techniques required due to the nature of the VLC channel. NOMA is another spectrumefficient scheme that has been recently proposed for LiFi systems [8] . It is based on multiplexing users in the power domain so that each user can utilize the full spectrum and time resources. The superior spectral efficiency enhancement offered by NOMA comes with an inevitable degradation in the corresponding error performance due to the reduction of received signal-to-interference-and-noise ratio (SINR) at users' terminals [9] , [10] .
In this paper, we propose a novel multiple access scheme, denoted as index TDMA (I-TDMA), which multiplexes users in the time domain in a manner similar to TDMA. The proposed I-TDMA harnesses the randomness of data sequences in order to create a new degree of freedom [11] . This allows considerable spectral-efficiency gains compared to TDMA with minimal added circuitry that keeps it of low-complexity compared to the other multiple access schemes discussed earlier. The main characteristics of the proposed I-TDMA scheme can be summarized as follows:
• Time-domain multiple access with significant spectral efficiency enhancements compared to TDMA.
• Minimal added complexity that involves using an XOR adder at transmitting and receiving terminals.
• I-TDMA can be dynamically adapted to match the users individual data-rate requirements by changing a single parameter.
The remainder of this paper is organized as follows: Section II illustrates the system and channel model. Section III describes the proposed I-TDMA scheme. Simulation results and related discussions are presented in Section IV, while Section V concludes the paper.
II. SYSTEM AND CHANNEL MODEL
We consider an indoor LiFi system with a single access point (AP) that simultaneously serves two users located within its coverage area, by means of the proposed I-TDMA scheme. The line-of-sight (LOS) path gain from the AP to user U i is given by:
where A i is the receiver photo-detector (PD) area, d i represents the distance between the AP and the i-th user, φ i is the angle of emergence with respect to the transmitter axis, ϕ i is the angle of incidence with respect to the receiver axis, ϕ c is the field of view (FOV) of the receiving PD, T s (ϕ i ) is the gain of optical filter and g(ϕ i ) is the gain of the optical concentrator, which is expressed as:
where n denotes the corresponding refractive index. Moreover, (1) is the Lambertian radiant intensity of the LED, which is calculated as:
where m is the order of Lambertian emission, expressed as:
with φ 1/2 denoting the LED semi-angle at half power. At the user terminal, the received signal at time, t, can be written as:
where γ is the detector responsivity, P LED is the LED total transmit power and n i denotes zero-mean additive white Gaussian noise (AWGN) with variance:
where σ 2 sh and σ 2 th are the variances of the shot noise and thermal noise, respectively [12] .
III. THE PROPOSED SCHEME I-TDMA allows two users to be multiplexed in the time domain, taking into account the spectral efficiency requirements of each user. A new degree of freedom is exploited to allow the transmission of the information-bearing signal, s 1 , for U 1 in a much smaller number of effective time slots. This, in turn, produces vacant time slots that are used to convey information to U 2 . Fig. 1 shows the block diagram of the transceiver front-ends, let s 1 (t) denote the b data bits of s 1 to be sent over the VLC link to U 1 during the symbol duration t, a b-order sequential number generator (SNG) is used at the transmitter to generate a binary sequence, g T (t), which is fed into a bitwise XOR adder together with s 1 (t). The output of the XOR adder is used to determine whether the symbol duration t will be used to convey information for U 1 or U 2 by checking the following condition:
where X 1 = {0, ..., M − 1} contains the M constellation symbols of the modulation scheme associated with U 1 . If (7) is satisfied,
is transmitted conveying data to U 1 . However, if (7) is not satisfied, no transmission is intended for U 1 and the communication channel is utilized for the transmission of x 2 (t) intended for U 2 . Hence, the transmitted signal at any time t can be represented as:
Two conventional M -order and N -order modulators are used at the transmitter for generating the constellation symbols of the signals of U 1 and U 2 , respectively, where M < 2 b and N is arbitrary. At U 1 , when the symbol duration, t, is intended for a U 1 transmission, an M -order demodulator recoversx 1 (t) from the received signal, y 1 (t). A total of b − log 2 (M ) zeros are added tox 1 (t) at the most significant bits before it is fed into a bitwise XOR adder together with a binary sequence, g 1 (t), which is synchronized with g T (t) at the transmitter. The resulting symbol:
is the information-bearing symbol of interest. Thus, a b-bits symbol has been conveyed to U 1 via the transmission of a log 2 (M ) bits symbol, where log 2 (M ) < b. When the symbol duration, t, carries a transmission intended for U 2 , the received signal at U 2 , denoted as y 2 (t), is directly decoded to recover x 2 (t). An example of how information may be communicated using I-TDMA is depicted in Table I . The modulation order of the two users is assumed to be 4, i.e., M = N = 4. The bit stream s 1 is intended to be transmitted to U 1 and is divided into 3-bits symbols, i.e., b = 3, while the bit stream x 2 compromising 2-bits symbols is intended to be transmitted to U 2 . In time slot t 1 , the XOR operation s 1 (t 1 ) ⊕ g T (t 1 ) yields 110 which does not satisfy the condition in (7). Hence, no transmission is intended to U 1 and time slot t 1 is used to transmit a symbol to U 2 . For time slot t 2 , the sequence g T (t 2 ) is updated and an attempt is made again to transmit the same symbol to U 1 , i.e., s 1 (t 2 ) = s 1 (t 1 ) = 101. The XOR operation is performed on s 1 (t 2 ) and g T (t 2 ) and the resulting symbol 001, which is equivalent to 01, falls within X 1 , so x 1 (t 2 ) = 01 is transmitted to U 1 . At the receiver, U 1 recovers the 2-bits symbolx 1 (t 2 ) = 01 and adds zeros at the most significant bit to perform the XOR operation 001 ⊕ 100 which yields the information symbol s 1 (t 2 ) = 101. Hence, a 3-bits information symbol is conveyed to U 1 at t 2 via the transmission of a 2-bits symbol. The procedure is repeated for the information-carrying symbols in the bit stream. It can be seen that in this particular example a total of 27 information bits have been conveyed to both users over 10 time slots via the transmission of 2-bits symbols, while ordinary TDMA can transmit only 20 information bits over the same period using the same modulation order. It is worth noting that, by varying the values of b, M and N , it is possible to change the data transmission rates for U 1 and U 2 and the respective spectral efficiencies as will be discussed in Section IV.
A. Users Scheduling
We have discussed so far how a b-bits data sequence could be conveyed using log 2 (M )-bits symbol, where log 2 (M ) < b. Since the proposed idea is based on the randomness of the data sequences, users time scheduling is not fixed. Hence, there is a need for a mechanism to convey the users scheduling information so that each user knows when a transmission is intended to it. To this end, we assume that the proposed I-TDMA scheme utilizes power domain multiplexing to convey the index of intended user. As a result, the transmit signal can be expressed as:
where τ (t) caries an OOK symbol in which levels 0 and 1 indicate U 1 and U 2 , respectively. Also, P 1 > P 2 and P 1 2 + P 2 2 = P 2 LED , with P LED being the total LED transmit power. Hence, after decoding the scheduling signal τ (t), the user can determine if the current symbol is intended to it. If this is the case, successive interference cancellation (SIC) is implemented by subtracting τ (t) and decoding the data symbol x(t). The power levels allocated to the scheduling signal and data signal are determined based on fixed power allocation strategy, which is commonly used for power-domain multiplexing in non-orthogonal multiple access [10] . In fixed power allocation, power levels can be determined as P 2 = αP 1 , with α denoting the power allocation factor (0 < α < 1).
IV. RESULTS AND DISCUSSIONS
In this section, we present Monte Carlo simulation results to validate and evaluate the proposed I-TDMA scheme. If not otherwise specified, simulation parameters shown in Table II are used. First, we study the effect of varying the parameters M , N and b. We consider a single transmitting LED that serves two user terminals, namely U 1 and U 2 , by means of I-TDMA. Table III shows the individual and total achievable spectral efficiencies as well as the percentage of spectral efficiency enhancement compared to using TDMA for the same M and N values. As shown, for given M and N values, the spectral efficiencies of the two users can be dynamically adapted by changing the number of bits, b, taken as an input to the XOR operation. Also, it is evident that the proposed scheme provides spectral efficiency enhancement compared to TDMA. For example, for the case of M = 4, N = 4, both users would exhibit a spectral efficiency of 1 b/s/Hz under TDMA with a total system spectral efficiency of 2 b/s/Hz. Yet, the proposed I-TDMA scheme always exceeds the expected achievable system spectral efficiency with up to 40% improvement for the case of M = 4, N = 4, and b = 4.
Next, we compare the achievable data rates of the proposed I-TDMA and ordinary TDMA. Fig. 2 shows the achievable data rates of the two users as well as the sum rate when the modulation order of both users is set to M = N = 4, under different values of b. As expected, I-TDMA exhibits lower data rates compared to TDMA in low SNRs. This is due to the SIC process which allows the user to decide whether the current symbol is intended to it or not. It is well known that SIC does not perform well in low SNR scenarios due to noise enhancement that limits the probability of correct decoding of the first step and the resulting error propagation. Also, since the first detection step in SIC carries user scheduling information, I-TDMA could be susceptible to high detection errors in low SNR regimes. It is recalled, however, that VLC links typically operate in high SNR scenarios due to the short separation between the optical front-ends as well as the existence of dominant LOS path. Consequently, I-TDMA has the potential to allow high spectral efficiency gains in LiFi networks. As shown in Fig. 2(a) , when b = 3 bits is used, I-TDMA outperforms ordinary TDMA in terms of the sum rate for SNR values higher than 35 dB with about 25% rate enhancement, which is in line with spectral efficiency values shown in Table III . Moreover, it is noted that the data rate of U 1 in I-TDMA is higher than TDMA, which is predictable given that U 1 is capable of receiving a higher number of bits per transmitted symbol in I-TDMA given successful SIC. Also, the achievable data rate of U 2 in I-TDMA is lower than TDMA since U 2 receives the same number of bits per symbol in both schemes and is prone to SIC errors in I-TDMA. Fig.  2(b) shows a better scenario, where b = 4 bits is used. It is evident that increasing the number of bits taken as input to the XOR operation allows for higher achievable sum rates. Also, it is noted from Fig. 2(b) that using b = 4 results in both users having higher rate performance compared to the corresponding TDMA results, with U 1 still having better rate performance than U 2 . Fig. 2(c) shows the scenario when U 2 is prioritized over U 1 , which is realized by choosing a higher number of data bits to be input for the XOR operation, i.e., b = 5. This implies that more data bits are conveyed to U 1 at a certain symbol duration which, in turn, increases the total time dedicated for U 2 transmissions, yielding high data rate performance at U 2 . It is noted that regardless of the way I-TDMA allocates the time resources among the two users, it always exceeds the expected achievable rate region of TDMA in the high SNR region. Furthermore, I-TDMA provides the advantage of being adaptive to the spectral efficiency requirements of the individual users by only changing the value of b.
Finally, we investigate the error performance of the proposed I-TDMA scheme. Fig. 3 shows the symbol-error-rate (SER) versus the achievable data rate for two-user scenario. It is clear that I-TDMA provides significant rate enhancement compared to TDMA for a given SER value in high SNR scenarios. For example, using b = 4 bits results in about 40% rate enhancement compared to TDMA for SER values lower than 10 −2 .
V. CONCLUSION This paper presented the idea of I-TDMA; a novel multiple access scheme that provides significant spectral efficiency enhancement compared to TDMA. Simulation results showed that the proposed scheme can achieve up to 40% spectral efficiency enhancement for a two-users scenario in the high SNR regime. We believe that an extension to higher modulation orders as well as the optimization of the number of bits taken as input to the XOR operation will reveal further substantial improvements in the data-rate region of time-domain based multiple access systems.
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